Abstract--A mixed-layer kaolinite/smectite (K/S) containing trace amounts of quartz, discrete kaolinite, goethite-hematite, and calcite was hydrothermally reacted with deionized water at 150", 200", and 250"C for 1 to 12 months. The starting K/S contained 50% smectite consisting of 15~ low-charge and 350 high-charge layers. The X-ray powder diffraction and chemical analyses of the reacted products indicated a progressive reaction from high-charge to low-charge smectite as a function of time and temperature. The reaction reached completion after 4 months at 250"C, at which point high-charge smectite layers entirely reacted to low-charge smectite layers, the latter maintaining a constant proportion of about 90% for longer run durations. For long reaction times, discrete kaolinite totally reacted, whereas quartz showed only partial dissolution and iron oxides remained stable. Thus, the reaction of high-charge to low-charge smectite layers may be expressed as: high-charge smectite + kaolinite (both interstratified and discrete component) + quartz ~ low-charge smectite.
INTRODUCTION
Many workers have observed that dioctahedral smectites are not stable at temperatures >75"--100"(2 under diagenetic conditions. The most detailed studies ofsmectite reactivity as a function of temperature have focused on the smectite-to-illite conversion in potassium-rich environments via intermediate mixed-layer illite/smectite (I/S). Studies of natural, low-temperature geological environments (see, e.g., Hower et al., 1976; Inoue et al., 1978; Velde and Brusewitz, 1982; Inoue and Utada, 1983; Ramseyer and Boles, 1986) as well as laboratory experiments (Eberl and Hower, 1976; Eberl, 1978; Roberson and Lahann, 1981; Howard and Roy, 1985) , suggest that smectite iUitization operates through tetrahedral Al-for-Si and oetahedral Mg-for-A1 ionic substitutions within the 2:1 layer. These ionic substitutions create an increasing negative layer charge with the formation of high-charge smectite and K-fixation in the interlayer sites (Howard, 1981; Howard and Roy, 1985) .
Illitization reactions have been formally expressed as:
(1) Smectite + A13+ + K § -~ illite + Si 4+, if solidphase transformation is assumed ; and (2) Smectite + K § ~ illite + Si 4+, if smectite dissolution is assumed to supply A1 for illite crystallization (Boles and Franks, 1979) .
These two reactions lead to the release of Si to solution. A recent study of I/S stability in a natural, lowCopyright 9 1990, The Clay Minerals Society temperature hydrothermal environment suggested that the high-charge smectite component of the I/S reacted to form: (1) illite, if external K was supplied (i.e., high-charge smectite + K + -~ illite) or (2) low-charge smectite, if external Si was supplied (i.e., high-charge smectite + Si 4+ -~ low-charge smectite). The second reaction induces a marked increase in the cation-exchange capacity (CEC) of the clay material. The main purpose of this paper was therefore to study further the reaction of high-charge to lowcharge smectite under experimental alteration conditions. To avoid uncontrolled smectite illitization, the following constraints were imposed on the experiments: (1) the starting expandable clay material was free of illite, either as a discrete clay mineral or as a component of a mixed-layer clay mineral, and (2) alteration solutions were potassium-free.
Hydrothermal runs were therefore conducted using a mixed-layer kaolinite/smectite (K/S) as the starting clay material, run durations of 1 to 12 months, temperatures of 150*, 200 ~ and 250~ and deionized water as the alteration solution.
MATERIAL AND EXPERIMENTAL METHODS

Material
The starting clay for the hydrothermal runs was obtained from the Sparnacian Argiles Plastiques Formation in the northwestern part of the Paris Basin (Vexin area). These clays occur in highly weathered continental deposits inherited from the erosion of Paleocene weathered profiles, which had developed on late Cretaceous (Senonian) chalk-flint. Mixed-layer K/S is the dominant species (Thiry et al., 1977; Thiry, 198 l) with major smectite component (Lucas et al., 1974; Brindley et al., 1983; Coulon, 1987) .
Experimental procedure
For each run, 20 g of a slurry containing a 1.3:1 deionized water-to-clay ratio was loaded into sealed, gold-plated capsules and heated in autoclaves at 150 ~ 200 ~ and 250~ for from 1 to 12 months. The internal pressure was the steam-saturated H20,q~d pressure at the temperature of experiment (respectively, 4.76, 15.54, and 39 .73 bars at 150 ~ 200 ~ and 250~ Upon completion of a run, the samples were quenched, and the solid products were separated from solutions by centrifugation and analyzed by the following methods.
X-ray powder diffraction
X-ray powder diffraction (XRD) patterns of all samples were recorded using a Philips PW 1730 X-ray diffractometer (40 kV, 40 mA) with Fe-filtered CoKa radiation. A proportional detector (Philips 1965/60) was used with a 0.1 ~ divergence slit, a 1 ~ receiving slit, and a continuous scanning speed of 0.5~
A linear localization detector of X-rays (Elphyse) was used in place of a proportional detector if higher resolution (peak/background ratio) was needed for weak reflections. The X-ray incident beam was focused using a collimator 0.8 mm in diameter, which gave a 8 mm • 2 mm irradiated area at 2*20 (Rassineux et al., 1988) .
Samples were prepared as natural, Mg-saturated, and K-saturated suspensions, pipeted onto glass slides, air dried, and solvated with ethylene glycol (EG) using the liquid technique of Srodofi (1980) . Additional Ca-saturations were made of the K-exchanged samples in order to estimate the proportion of high-charge to lowcharge smectite layers. Low-charge layers maintain their expandability with EG, but high-charge layers collapse after K-saturation and do not reexpand after Ca-saturation and EG solvation (Howard and Roy, 1985) .
The starting clay material displayed poorly resolved, high-order basal XRD reflections (indicative of a few layers in the crystallite), which did not allow precise d-value calculations. Under these conditions, the identification of the mixed-layer minerals (ordering type and component ratio) was made by comparing the positions of the first two basal reflections with those computed with variable layer ratio and ordering type using the Newmod program available from R. C. Reynolds, Department of Earth Sciences, Dartmouth College, Hanover, New Hampshire. Estimated layer ratios are thought to be accurate within +5% .
Chemical analyses
Chemical analyses of pressed pellets of the starting and reacted products were obtained using a Cameca MS 46 electron microprobe equipped with an EGG Ortee energy-dispersive X-ray analysis system. The analytical procedure was that recommended by Velde (1984) for clay minerals: 120-s counting time, 15-kV acceleration potential, 1-nA sample current, and 5-t~m spot diameter. The cation-exchange capacities (CECs) were measured by the ammonium acetate method of Jackson (1958) at pH 7.
The amount of quartz in the clay material was estimated to be 6.7 + 0.4%, using the triacid attack method (Voinovitch et aL, 1962) ; the calcite content was estimated to be 2 + 0.2% using the calcimeter method. The iron oxide content was estimated using STFe MSssbauer spectroscopy; spectra were recorded at room temperature, 77, 4.2, and 1.5 K.
RESULTS AND DISCUSSION
Mineralogy of the starting clays X-ray powder diffraction. XRD patterns obtained with proportional and linear localization detectors of powder sample exhibited trace amounts of quartz (4.25 and 3.35 ]k), goethite (4.18 Zk), calcite (3.04/~), and discrete (non-interstratified) kaolinite (7.19, 4.46, and 3 .56 ]~). XRD patterns recorded with the linear detector in the 64~176 region showed two 060 reflections at 1.490 for the discrete kaolinite and 1.494 ~ for a coexisting dioctahedral clay mineral (Figure 1) . No reflection was observed in the 1.53-1.55-~ region that could be assigned to a trioctahedral clay mineral (Brown and Brindley, 1980) . XRD patterns obtained with proportional and linear detectors of oriented samples are shown in Figure 2 . XRD traces of the Mg sample yielded peaks at 14.66 and 7.19 A, which are, respectively, the 001 reflections of a 14-A clay mineral and discrete kaolinite. EG solvation did not shift the 7.19-~ reflection of the discrete kaolinite, whereas the 14.66-]k reflection shifted to 17.10 A and an additional reflection appeared at 8.20 A. The 17.10-~ reflection is typical for expandable smectite layers containing two interlayers of EG molecules (Ci~el and Machajdik, 1981) .
This smectite determination is supported by the collapse of the layers at 9.51 and 9.45 ~ after heating at 300~ and 550~ for 2 hr. These thermal treatments preclude the possibility of a chlorite component (discrete or interstratified phase), inasmuch as no reflection was observed in the 10-24-~k range.
The XRD patterns ofglycolated Mg-smectite layers were distinct from those of pure smectite: (1) The 001 reflection at 17.10/~ after EG solvation showed a pronounced asymmetry, having a high saddle in the low-angle region, which did not match with the symmetrical, low-background 001 reflection of a pure gly- (001)kaot~itr162 value of the unreacted, glycolated sample into this diagram gives 50% maximum expandability (% Tot. Sm., Table 1 ). The EG solvation of the K-Ca-exchanged sample shift- . X-ray powder diffraction patterns of the starting clay material (oriented preparation). Mg = magnesium saturated; Mg EG = magnesium saturated and glycolated; 300"C, 5500C = heated for 2 hr at 300"C or 550"C; Ka = kaolinite; K/S = mixed-layer kaolinite/smectite. high-charge smectite layers (% HC. Sm.) being obtained by: % high-charge smectite = % total smectite -% low-charge smectite. The results (Table 1) give maximum values of 15% low-charge and 35% highcharge smectite layers.
Chemical composition of smectite layers. Electron microprobe analyses of the starting clay material are given in Table 2 . M/Sssbauer data indicated that all iron was in the Fe 3 § oxidation state with the following partition: 3% as hematite (a-Fe203), 70% as goethite (~-FeOOH), and 27% entering clay mineral structures. The correction procedure for the iron oxide contents was the following: (1) The total Fe203 content was converted to millimoles of Fe 3 § and distributed among hematite, goethite, and clay minerals using the partition values.
(2) Hematite and goethite contents were then calculated using molecular weights of each species; Fe203 allocated to hematite and goethite (conversion of FeOOH to Fe203) was then subtracted from the total Fe203 to obtain the amount of Fe203 in the clay mineral. The same procedure was used to correct for 2% calcite; the quartz content obtained from the triacid attack (6.7%) was directly subtracted from the total SiO2. These corrected analyses thus represent the chemical composition of the mixture: mixed-layer K/S + discrete kaolinite. In these conditions, the calculation of a structural formula representing the mixedlayer K/S seems unrealistic.
This two-phase assemblage was graphically represented on the M+-4Si-R 2 § diagram (Figure 4 ) of Meunier and Velde (1989) , where M § = 2Ca + Na + K, 4Si = Si/4, R 2 § = Mg + Mn. A mixed-layer K/S should plot between the 4Si pole (pure kaolinite) and the dioctahedral smectite field, depending on the proportion of each component.
Natural dioctahedral smectites plot in a chemical domain bounded by two composition lines (Figure 4) Intermediate compositions between these two poles are governed by the R2 § + ~ A1 vx substitution.
2. The beo.33-beo.66 composition line with ideal lowand high-charge beidellite end-members: Intermediate compositions between these two poles are governed by the degree of A1TM M + ~ Si TM substitution with R2+=0. The corrected microprobe analyses of the studied sample, plotted on a M § 2+ diagram (Figure 4 ), are, of course, in the line with the 4Si pole (kaolinite) and intersect the beo.33-moo.33 and beo.66-moo.~6 lines, indicating that each low-charge and high-charge smectite component is neither pure beidellite nor montmorillonite, but has an intermediate composition in the beidetlite-montmorillonite solid solution series. The development of the layer charge within each component was thus produced by simultaneous AI iv -o SiIV and R 2+ -~ A1 vI substitutions.
The chemical composition of the low-charge and high-charge smectite layers can be tentatively estimated using the percentages of beidellite and montmorillonite obtained from the intersected beo.33-moo.33 and beo.66-moo.66 lines (Figure 4) Considering that alkaline earth elements do not enter the kaolinite structure, the electron microprobe analyses (Table 2) mainly balanced by calcium in interlayer sites. The CEC value of 63.80 meq/100 g, however, is lower than the CEC of pure smectite, which ranges from 100 to 150 meq/100 g (Hower and Mowatt, 1966; Nadeau and Bain, 1986; Srodofi et al., 1986) . From this initial identification, the starting clay material apparently fullfills the following requirements to . X-ray powder diffraction patterns of the clay material after reaction at 250"C for 12 months, oriented preparation. K-Ca-EG = K-saturated, air-dried, saturated with Ca, and glycolated; Mg-EG = magnesium saturated and glycolated.
test the high-charge to low-charge smectite reaction:
(1) lack of illitic phase in the bulk sample and high smectite content in the mixed-layer K/S; and (2) dominant high-charge smectite layers in the starting mixedlayer K/S.
Mineralogy of the hydrothermally reacted clays
X-ray powder diffraction and CEC data. Representative XRD patterns of the clay material after its reaction at 250~ for 6 and 12 months with deionized water are illustrated in Figures 5 and 6 . The powder pattern recorded after 12 months at 250~ with the linear detector (Figure 5a) shows the marked decrease of the 3.35-/~ quartz reflection, the disappearance of the 3.04-/k calcite reflection, and the stability of the 4.16-Ik goethite reflection compared with the unreacted sampie (Figure 1 ). These observations indicate that calcite and quartz were not stable phases under the experimental alteration conditions and reacted to a different degree as a function of time and temperature. The complete reaction of calcite was obtained after 4 months at 250~ whereas quartz dissolution was incomplete and began after about l month at 250~ The XRD patterns of the oriented glycolated samples (Figure 6 ) show the complete destabilization of the discrete kaolinite (i.e., no 7.19-/~ kaolinite reflection), as previously observed for the 4 month-2500C run. Simultaneously, the d[ (001) The proportions of total smectite layers estimated from the d(001/002) spacings are listed in Table 3 . Figure 7a , a plot of maximum expandability (% Tot. Sm.) vs. time and temperature, clearly indicates that the hydrothermal alteration of the K/S results in the increase of the total smectite proportion with time and temperature. The starting K/S (originally 50% maximum expandability) reacted strongly in the first month of alteration at 250"C, with a rapid increase of total smectite proportion (82%) as a function of temperature. Longer runs led to the stabilization of the smectite Table 3 . Estimation of the smectite content in reacted mixed-layer kaolinite/smectite using X-ray powder diffraction data and cation-exchange capacities. 9 o,,,,,,,,,,,, proportion obtained after 4-month reaction, with a maximum at about 90% for the 12 month-2500C run. The 12 month-2500C XRD pattern (Mg-EG) recorded with the linear detector (Figure 5b) shows a 3.38-~, additional reflection, which can be assigned to the composite 002kaolinite/005smectite reflection of a glycolated K/S, containing 10% kaolinite layers (Reynolds, 1980) , in good agreement with the proportion of total smectite (88%) determined using the d(001/002) value.
The hydrothermal run at 200~ gave a similar evolutionary trend, but stabilization of the total smectite proportions was obtained only after longer runs (6 months) and gave lower maximum values (about 70%) than those obtained for the 250~ runs.
The 150~ experiments were similar to the 200~ runs for runs as long as 6 months (69% total smectite), but the 12-month experiment showed an unexplained decrease in the total smectite proportion, to the 50% initial content of the unreacted sample. Figure 7b , a plot of CEC (63.80 meq/100 g for the unreacted sample) vs. time and temperature shows the same evolutionary trend, i.e., a strong increase in the first month of treatment (85.00 meq/100 g at 250~ and a more gradual increase for longer runs. The CEC values after 12-month reaction depended on temperature, i.e., 72.80, 86.50, and 98.20 meq/100 g at 150 ~ 200 ~ and 250~ respectively. The particular decrease in the smectite proportion observed after the 12-month 150~ reaction did not match with the CEC plateau and can be regarded as inconsistent XRD data, probably resulting from sample heterogeneity. The proportions of low-charge and high-charge smectite estimated from the XRD data are given in Table 3 . Figure 8 , a plot of component proportions in the K/S vs. time and temperature, shows that the smecrite component in the K/S, originally consisting of 15% low-charge and 35% high-charge layers, converted progressively with time and temperature to low-charge smectite through high-charge smectite and kaolinite destabilization. The reaction reached completion with Chemical composition of smectite layers. The chemical composition of the smectite layers was studied on the 250~ reacted clay material (no detectable highcharge layers, no discrete kaolinite, and maximum proportions of low-charge smectite layers) for the 4-, 6-, and 12-month runs. Because XRD patterns indicated the total reaction of calcite after 4 months at 250~ and the stability of the iron oxides, the electron microprobe analyses (Tables 4-6) were first corrected only for goethite and hematite; they thus represent the composition of the mixture, K/S + quartz.
The partial reaction of quartz observed at 250~ as The direct calculation of a structural formula representing the K/S was also not feasible. The corrected microprobe analyses plotted on the M+-4Si-R 2 § diagram in Figure 9 are in line with the 4Si pole (quartz + kaolinite) and intersect the beo33-m0o.33 solid solution line; the variable amounts of quartz shifted the chemical compositions towards the 4Si pole, but did not change the slope of the line, i.e., the intersection point on the beo.33-moo.33 solid solution.
Thus, the chemical composition of the low-charge smectite component was approached independent of quartz content, using the percentages of beidellite and montmorillonite obtained from the intersected beo.33-m0o.33 line (Figure 9 ) and the composition of each endmember. The resulting structural formulae for the 4-, 6-, and 12-month experiments at 250~ are:
(1) 4 months: (Si3.74 Alp.26 ) O1o ((ml, Fe3+) l.92 R2+o.os ).
(on)2M+o.33. Figure 9 . Plots of the corrected microprobe analyses of the reacted clay material at 250~ in the M+-4Si-R 2+ diagram; be = beidellite; mo= montmorillonite; ~ = mean value of the microprobe analyses.
